Ribosome biogenesis is a fundamental and tightly regulated cellular process, including synthesis, processing, and assembly of rRNAs with ribosomal proteins. Protein arginine methyltransferases (PRMTs) have been implicated in many important biological processes, such as ribosome biogenesis. Two alternative precursor rRNA (prerRNA) processing pathways coexist in yeast and mammals; however, how PRMT affects ribosome biogenesis remains largely unknown. Here we show that Arabidopsis PRMT3 (AtPRMT3) is required for ribosome biogenesis by affecting pre-rRNA processing. Disruption of AtPRMT3 results in pleiotropic developmental defects, imbalanced polyribosome profiles, and aberrant pre-rRNA processing. We further identify an alternative pre-rRNA processing pathway in Arabidopsis and demonstrate that AtPRMT3 is required for the balance of these two pathways to promote normal growth and development. Our work uncovers a previously unidentified function of PRMT in posttranscriptional regulation of rRNA, revealing an extra layer of complexity in the regulation of ribosome biogenesis.
T he fundamental, complicated, and highly cooperative process of ribosome biogenesis involves ribosomal DNA (rDNA) transcription, precursor rRNA (pre-rRNA) processing, and assembly with ribosomal proteins and related assembly factors (1, 2) . As a multistep, error prone, and energy-consuming process, ribosome biogenesis is also highly regulated (3, 4) . In eukaryotic cells, mutations in ribosomal proteins or ribosome assembly factors usually lead to aberrant pre-rRNA processing (5-7) and activation of the polyadenylation-mediated RNA quality control system (4, 8, 9) , resulting in various genetic diseases in humans (10, 11) .
Work in budding yeast, Saccharomyces cerevisiae, has deciphered the mechanisms of ribosome biogenesis (1, 2, 12) . After transcription by RNA polymerase I and site-specific modification by small nucleolar ribonucleoproteins, the nascent 35S rRNA, the common precursor of 18S, 5.8S, and 25S rRNAs, is quickly assembled with many assembly factors and ribosomal proteins into small subunit processome/90S preribosomal particles (13) (14) (15) . Then it mainly undergoes the "U3-dependent cleavage occurs first" pathway, which first removes the 5′ external transcribed sequence (5′ ETS) of 35S rRNA, to generate the 32S rRNA (16, 17) . Next, after cleavage at the A2 site of intergenic transcribed sequence 1 (ITS1) between 18S rRNA and 5.8S rRNA, the 90S preribosomal particle splits into two independent complexes of pre-40S and pre-60S ribosomal particles. Finally, ribosomal subunits are further matured and assembled into 80S ribosomes for translation in the cytoplasm (12) . However, in contrast to budding yeast, pre-rRNA processing in Xenopus laevis oocytes, mouse cells, and human cells preferentially cleave in ITS1 before the complete removal of the 5′ ETS (18) (19) (20) (21) , which may represent a common pathway in metazoans.
In plants, a pre-rRNA processing pathway has been described in Arabidopsis (22) . The cleavage at A3 in ITS1 occurs before complete removal of the 5′ ETS, generating diagnostic intermediates of P-A3 (22) (23) (24) (25) and P'-A3 fragments (23, 25) in wild type. However, it remains unknown whether Arabidopsis has an alternative pre-rRNA processing pathway marked by 32S rRNA, resembling the "U3 dependent cleavage occurs first" pathway in budding yeast (17, 26) .
Protein arginine methyltransferases (PRMTs) catalyze the formation of methylarginines, a general posttranslational modification of proteins that occurs widely in eukaryotes (27, 28) . PRMT family members have been implicated in many essential biological processes, including ribosome biogenesis at the level of ribosome assembly (29) (30) (31) . Arginine methylation of the ribosomal proteins RPS3 and RPS10 in human cells, catalyzed by PRMT1 and PRMT5, respectively, facilitates their proper assembly into the ribosome small subunit (32, 33) . Studies in fission yeast have emphasized the role of PRMT3 in the homeostasis of cellular ribosomal subunits. PRMT3 is a cytoplasmic protein widely expressed in eukaryotes, except budding yeast and
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This article is a PNAS Direct Submission. Caenorhabditis elegans (30, 34, 35) . PRMT3 contains a unique C2H2 (Cys2His2)-type zinc finger in the N terminus, before the catalytic core (36) . The prmt3 null mice displayed reduced embryo size, depicting Minute-like characteristics during organogenesis and fetal growth (37) . Perturbation of PRMT3 expression in cultured rat hippocampal neurons caused deformed spines (38) . Deletion of PRMT3 results in a striking accumulation of free 60S ribosomal subunits and decreased free 40S:60S stoichiometry (34) . However, rRNA pulse-chase analysis and Northern blot assays ruled out a function of PRMT3 in pre-rRNA processing in fission yeast (34) . It is still unclear whether PRMT3 affects prerRNA processing in higher organisms.
In this work we show that the Arabidopsis PRMT3 (AtPRMT3) is a conserved cytoplasm-localized active arginine methyltransferase. Null alleles of atprmt3 exhibit pleiotropic developmental defects, imbalanced polyribosome profiles, and altered resistance to aminoglycoside antibiotics. Intriguingly, we identified the existence of 32S rRNA, which is a marker of a potential minor alternative prerRNA processing pathway, in wild-type Col and show it is strikingly up-regulated in atprmt3 mutants. In contrast, the P-A3 fragment, which is a marker of the major pre-rRNA processing pathway, is down-regulated in atprmt3 mutants. In addition, the 18S-A3 and 27SB intermediates accumulated in the atprmt3 mutants. Taking these results together, we have uncovered an alternative pre-rRNA processing pathway in plants and shown that PRMT3 in Arabidopsis participates in ribosome biogenesis by modulating the balance of alternative pre-rRNA processing pathways. This function differs from its homolog in fission yeast and has not yet been characterized in mammalian systems. Our findings reveal an important link between PRMT and proper pre-rRNA processing.
Results
AtPRMT3 Is a Unique and Evolutionarily Conserved PRMT. AtPRMT3 (encoded by At3g12270), shares 33% and 34% amino acid sequence identity with its homologs, RMT3 in fission yeast and PRMT3 in rat, respectively ( Fig. S1 A and B) (39) . AtPRMT3 contains all of the highly conserved PRMT motifs (Fig. S1B) . Notably, unlike other PRMTs, AtPRMT3 has a C2H2-type zinc finger unique to the PRMT3 family (Fig. S1C) . In vitro arginine methyltransferase assays showed that AtPRMT3 is a biochemically active methyltransferase, because it catalyzed the methylation of histones H3 and H4 of calf thymus core histones and methylation of myelin basic protein (Fig. S2 ). To investigate its intracellular distribution, we constructed an AtPRMT3 fusion to GFP, with the AtPRMT3 full-length genomic DNA fused to GFP-His and transformed into Arabidopsis Col plants ( Fig. S3 A and B). GFP fluorescence was mainly detected in the cytoplasm (Fig. S3C ), in agreement with subcellular fractionation assays (Fig. S3D) . The cytoplasmic localization of AtPRMT3 resembles that of its counterparts in fission yeast and animal (34, 35) , indicating that AtPRMT3 may have conserved functions in the cytoplasm during evolution.
Disruption of AtPRMT3 Confers Pleiotropic Developmental Defects
Resembling Ribosome Biogenesis Mutants. To explore the biological functions of AtPRMT3 in vivo, we identified two independent transfer DNA (T-DNA) insertional mutants, designated atprmt3-1 and atprmt3-2, with insertions located in the third exon and fifth intron of AtPRMT3, respectively (Fig. 1A) . Both of them were null mutants, as confirmed by semiquantitative RT-PCR (Fig. 1B) and immunoblotting (Fig. 1C) . The first true leaves of atprmt3 mutant plants were narrow and pointed (Fig.  1D) , and the adult leaves were serrated, compared with the round and regular shape of wild-type Col leaves (Fig. S4A) . Furthermore, the atprmt3 mutant leaves also showed distorted vascular patterns with more disconnected free ends (Fig. 1D) . These leaf developmental defects are reminiscent of the Arabidopsis mutants of ribosome proteins (40) (Table S1 ), like S18A (also known as POINTED FIRST LEAF, pfl in its mutant) in the small subunit (41) , or L4A and L4D in the large subunit (42) . Moreover, null mutants of many nucleolus-localized ribosome assembly factors (Table S1 ), including the Pumilio-like RNA binding protein ARABIDOPSIS PUMILIO 23 (APUM23) (24) , nucleolar RNA helicase ARABIDOPSIS MRNA TRANSPORT 4 (AtMTR4) (23) , and a putative methyltransferase ROOT INITI-ATION DEFECTIVE 2 (RID2) (43) , also display similar developmental defects and aberrant pre-rRNA processing. In addition to the leaf phenotypes, atprmt3 mutants also displayed growth retardation, including delayed germination and primary root growth (Fig. S4 B-D) . We also observed that approximately 13% of the flowers in atprmt3-2 mutants show aberrant flower morphogenesis with five petals and five pistils, instead of the four petals and six pistils typical of wild-type plants ( Fig. S4 E and F) , a phenotype that resembles rpl4a and rpl4d mutants (42) . All of these growth and developmental defects in atprmt3-2 were complemented in the transgenic line AtPRMT3-GUS, which has a transgene with AtPRMT3 fused to GUS (Fig. 1D and Fig. S4 ). These results suggest that AtPRMT3 is indeed functional for normal growth and development in Arabidopsis and may play key roles in ribosome biogenesis.
atprmt3 Mutants Show Aberrant Ribosomal Function. The ribosome biogenesis mutants apum23 and rpl4 displayed varied sensitivity to translational inhibitors, as a result of putative aberrant ribosome structure and function (24, 42) . Therefore, we evaluated the ribosomal function in atprmt3 using antibiotics with known targets in the ribosome (44, 45) . The atprmt3 mutants exhibited marked resistance to several aminoglycoside antibiotics, including kanamycin, gentamicin, streptomycin, and spectinomycin (Fig. S5A), as well as hygromycin B (Fig. S5B) , having longer roots than wild type or green cotyledons and leaves. These aminoglycoside antibiotics preferentially target the acceptor site (A site) in the ribosome during translation, change the allosteric control, disturb the decoding progress, and induce misreading, thereby slowing down translocation and translational elongation (46) (47) (48) . All of these physiological defects were restored to wildtype levels in the complemented line AtPRMT3-GUS (Fig. S5 A  and B) . As controls, chloramphenicol prevents protein chain elongation by blocking peptidyl transferase activity, and tetracycline inhibits translation by disturbing the loading of aminoacylated tRNA (aa-tRNA) in the A site of the small subunit (44) . The atprmt3 seedlings displayed similar sensitivity to chloramphenicol and mild resistance to tetracycline compared with wildtype Col (Fig. S5A) . These observations strongly suggest that atprmt3 mutants may have altered ribosomal structure around the A site or have an aberrant population of ribosomes that were unable to bind aminoglycoside antibiotics properly.
To further determine the ribosome assembly state in vivo, we examined the polyribosome profile, detecting it by absorbance at 254 nm, after traditional biochemical purification of ribosomes and sucrose density gradient sedimentation. Compared with wild-type Col, the atprmt3 mutants showed decreased ratios of 60S/40S and 80S/40S and increased ratios of polyribosomes (Fig.  1E ). This imbalanced polysome profile was restored to wild type in AtPRMT3-GUS (Fig. 1E) , indicating that AtPRMT3 participates in the ribosomal assembly in vivo.
PRMT3 Is Required for Proper Pre-rRNA Processing in Arabidopsis.
During eukaryotic ribosome biogenesis, a polycistronic prerRNA transcript is processed into the mature 18S rRNA, 5.8S, and 25S/28S rRNAs, the key components of the 40S and 60S subunits, respectively (49) . To explore whether AtPRMT3 participates in pre-rRNA processing, Northern blot analyses were performed to detect steady-state levels of pre-rRNA intermediates in each processing step. Null mutants of both atprmt3-1 and atprmt3-2 exhibited aberrant accumulation of an intermediate that was slightly shorter than 35S rRNA (red asterisk in Fig. S6) , as detected by a DNA probe against the mature 25S rRNA ( Fig. S6 and Table S2 ). Then we focused on atprmt3-2 and AtPRMT3-GUS for further Northern blot assays. We used apum23-1 as a control mutant, because it shows aberrant accumulation of 35S and polyadenylated P-A3 pre-rRNAs (24) . Probes used previously (22, 23) were able to detect the 35S and 33S precursors (Fig. 2 and Table S2 ). Probe S5, in the 5′ ETS, could distinguish the 35/33S precursors from the putative 32S rRNA. S7 and p42 in ITS1 could specifically detect the 18S precursors, including P-A3, P'-A3, 18S-A3, and/or 18S-A2 in the pre-40S small subunit. We used p43 and p4 in ITS1, and S9 and p44 in ITS2 to monitor the variations of 27S fragments (27SA and 27SB) and pre-5.8S rRNAs in the pre-60S large subunit (Fig.  2B) . We found that pre-rRNA processing in atprmt3-2 was relatively normal before the putative 32S rRNA (Fig. 2A) . Intriguingly, pre-rRNA intermediates from the putative 32S rRNA in atprmt3-2 showed strikingly aberrant accumulation (red arrow in Fig. 2B ), including 18S-A3 and/or 18S-A2 in pre-40S small subunit and 27S fragments (mainly 27SB), as well as pre-5.8S rRNA in the pre-60S large subunit, respectively ( Fig. 2A) .
In addition, we also observed a sixfold increase in accumulation of the P-P1 byproduct in atprmt3-2 ( Fig. S7 A and B) , most of which accumulated as the shorter version of 150 nt (Fig. S7C) , indicating the defects in 5′ ETS processing or impaired degradation of rRNA maturation byproducts. Notably, all of these defects of pre-rRNA processing in atprmt3-2 were recovered in AtPRMT3-GUS (Fig. 2 and Fig. S7 ) and were unique to atprmt3 compared with other Arabidopsis prmt mutants reported previously (Fig. S8) , demonstrating a specific and crucial role for AtPRMT3 in pre-rRNA processing and ribosome biogenesis.
An Alternative Pre-rRNA Processing Pathway Exists in Arabidopsis
and Is Up-Regulated in atprmt3 Mutants. Our Northern blot analysis showed detectable level and over-accumulation of the putative marker fragment 32S rRNA in Col-0 and atprmt3-2 mutants, respectively (Fig. 2 and Fig. S8A ). The 32S rRNA derives from complete removal of the 5′ ETS and is diagnostic for the U3 dependent cleavage occurs first pathway, the major pathway in budding yeast (17) . To validate the increased abundance of 32S rRNA in atprmt3 mutants ( Fig. 2A) , we performed circular RT-PCR with cDNA reverse transcribed by the 25c primer to determine the precise 3′ and 5′ ends of the pre-rRNA intermediates. Intact 32S rRNA (18S-ITS1-5.8S-ITS2-25S) was detected in wild-type and notably up-regulated in atprmt3-2 (Fig.  3 A, B, and D) , further confirming that an alternative pre-rRNA processing pathway also exists in Arabidopsis. Moreover, intact 27SB rRNA (5.8S-ITS2-25S) contributed more to 27S rRNA upregulation in atprmt3 mutants than 27SA (Fig. 3 C and D) , as detected by probes S9 and p44 against ITS2 (Fig. 2) .
AtPRMT3 Promotes the Major Pre-rRNA Processing Pathway Marked by the P-A3 Fragment. The 32S rRNA intermediate is the product of faster removal of 5′ ETS, or of delayed cleavage of ITS1 in A3. Its aberrant accumulation in atprmt3 mutants may indicate varied processing dynamics between 5′ ETS and ITS1, representing the 5′ and 3′ terminus of the 18S rRNA, respectively. To further decipher the precise 5′ and 3′ extremities of pre-18S rRNAs, circular RT-PCRs were performed with cDNA reverse transcribed by the 18c RT primer (Fig. 4) . Surprisingly, P-A3 and P'-A3, two pre-18S rRNAs of the major pre-rRNA processing pathway, were strikingly reduced, and 18S-A3 was over-accumulated in atprmt3-2 mutants (Fig. 4 A-C) . Additionally, 18S-A3 and 27SB were polyadenylated in atprmt3 mutants (Figs. 3D and  4D ), indicating potentially delayed processing of presmall subunit and prelarge subunit and activated polyadenylation-dependent RNA quality control in plants (9, 50) . We propose that two pre-rRNA processing pathways coexist in Arabidopsis, in which ITS1 cleavage occurs before or after complete removal of the 5′ ETS, respectively, as a result of uncoupled cleavage at A3 site and removal of 5′ ETS, which are processed via different kinetics (Fig. 5) . In wild-type Col, cleavage at A3 site (major pathway) is so fast that the 32S rRNA from the 5′ ETS-first pathway (minor pathway) is rarely detectable (22) (23) (24) (25) . AtPRMT3 modulates the homeostasis between these pathways in vivo, probably mainly by promoting the cleavage kinetics at A3 site. Therefore, disruption of AtPRMT3 inhibits A3 cleavage and causes aberrant accumulation of the processing intermediates from the 5′ ETS-first pathway (Fig. 5 ).
Discussion
Our work provides genetic and biochemical evidence to demonstrate that AtPRMT3 plays a key role in ribosome biogenesis at the level of pre-rRNA processing, by modulating the balance between alternative pre-rRNA processing pathways, to promote plant growth and development.
Alternative pre-rRNA processing pathways exist widely in eukaryotes (51) . The primary difference between these pathways is the order of 5′ ETS removal and ITS1 cleavage, other than the cleavage site (51) . In Arabidopsis, the major pre-rRNA processing pathway corresponds to the minor pathway in budding yeast (17, 26) and the major pathway in Xenopus oocytes (18, 19) , mouse cells, and human cells (20, 21) . Here, we show the existence of 32S pre-rRNA in Arabidopsis, which underscores the conservation of alternative pre-rRNA processing. We propose that the balance between pre-rRNA processing pathways, as a result of uncoupled processing kinetics in both the A3 cleavage in ITS1 and 5′ ETS removal, is required for efficient pre-rRNA processing and normal growth and development, as well as adaptation to environmental changes. Thus, unbalanced pre-rRNA processing pathways in atprmt3 mutants resulted in aberrant accumulation of rRNA maturation intermediates, which leads to abnormal ribosomal functions, producing varied responses to aminoglycoside antibiotics and altered polyribosome profiles. Furthermore, growth and developmental defects shared by atprmt3 and other ribosome biogenesis mutants further emphasize the biological importance of proper pre-rRNA processing in higher plants (23, 24, 40, 43) (Table S1 ).
In eukaryotes, PRMTs regulate multiple biological processes, including DNA transcription, mRNA splicing, and piRNA biogenesis, but the link between PRMT and pre-rRNA processing has yet to be described (30, 31) . In fission yeast, although PRMT3 balances the ratio of 40S and 60S free subunits for ribosome biogenesis, no pre-rRNA processing defect was reported (34) . We find that Arabidopsis PRMT3 is required for proper pre-rRNA processing, thus to our knowledge providing the first evidence to demonstrate that PRMT can also function in posttranscriptional processing of rRNA to fine-tune ribosome biogenesis. We hypothesize that the distinct functions of PRMT3 in fission yeast and Arabidopsis may reflect the difference between unicellular and multicellular organisms. Thus, it will be informative to determine whether this regulatory mechanism is conserved in other higher eukaryotes.
AtPRMT3 is required for proper pre-rRNA processing and ribosome biogenesis, a role distinct from those of other, previously reported AtPRMTs (29) . The null mutants of only AtPRMT3, but not AtPRMT1a/1b (52), AtPRMT4a/4b (53), AtPRMT10 (39, 54), or AtPRMT5 (55-59), display developmental phenotypes resembling those of ribosome biogenesis mutants (23, 24, 40, 43) . APUM23 encodes a pre-rRNA processing-related factor. Its null mutants show specific up-regulation of AtPRMT3 but not other AtPRMTs, along with genes involved in ribosome biogenesis (24) . These observations strongly suggest that AtPRMT3 specifically affects the pre-rRNA processing machinery. We speculate that the unique feature of the C2H2 zinc finger in the N terminus of AtPRMT3 may mediate this specific regulatory function. Cytoplasmic localization is another conserved feature of all reported PRMT3 proteins (28, 30) and AtPRMT3 described here. However, pre-rRNA processing mainly occurs in the nucleolus (60) . We speculate that the arginine methylation substrates of AtPRMT3 or its direct binding partners may move into the nucleus to participate the pre-rRNA processing. It will be intriguing to decipher the signals that link AtPRMT3 in the cytoplasm to pre-rRNA processing in the nucleolus. Further exploration will uncover the gap between AtPRMT3 and pre-rRNA processing.
Materials and Methods
Plant Materials. The atprmt3-1 (SAIL_220_F08) and atprmt3-2 (WISCDSLOX391A01) mutants were obtained from the Arabidopsis Biological Resource Center. Further details can be found in SI Materials and Methods.
Polyribosome Profile Analysis and Sucrose Gradient Fractionation. Extracts were prepared for polyribosome profile analysis according to the method described before (61), with some modifications. A total of 5,000 A260 units of the resuspension was layered onto a linear 5-50% sucrose gradient poured with the Gradient Master 108 (BioComp Instruments) according to the user's manual, then ultracentrifuged in a Beckman SW-41Ti rotor at 213,669 × g for 3 h at 4°C. The gradients were then analyzed from top to bottom, using the Piston Gradient Fractionator (BioComp Instruments) attached to the Model EM-1 Econo UV Monitor (BioRad) for continuous measurement of the absorbance at 254 nm. Further details can be found in SI Materials and Methods.
Northern Blot Analysis. Total RNA was isolated from 14-day-old seedlings using TRIzol reagent (TIANGEN, DP405-02) according to the manufacturer's instructions. Three micrograms of total RNA was separated on a 1.2% (wt/vol) agarose/formaldehyde gel or a 15% (wt/vol) acrylamide/7 M urea gel and transferred to a Hybond N+ membrane (GE Healthcare) by capillary elution or electrotransfer, respectively. The blots were washed and exposed to a storage phosphor screen (GE Healthcare), then signals were detected by the Typhoon TRIO scanner (GE Healthcare). A complete list of primers is provided in Table S2 . Further details can be found in SI Materials and Methods. Fig. 5 . Working model of AtPRMT3 in pre-rRNA processing. Two pre-rRNA processing pathways, which are different in cleavage order but not cleavage site, coexist in Arabidopsis. The P-A3 fragment and 32S rRNA are diagnostic for the major and minor pathways, respectively. AtPRMT3 in vivo promotes the major pathway and inhibits the minor pathway, probably by promoting the processing kinetics of site A3 in ITS1. Disruption of AtPRMT3 inhibits the A3 cleavage activity, causes unbalanced pre-rRNA processing pathways with down-regulation of the major pathway (P-A3) and up-regulation of the minor pathway (32S rRNA), and displays pre-rRNA processing defects as well as developmental phenotypes shared by ribosome biogenesis mutants.
